The cause and effect relationship between serum uric acid levels and hypertension can be difficult to evaluate because antihypertensive drugs sometimes affect uric acid levels. This cross-sectional study investigated the relationship between serum uric acid levels and hypertension in a general, healthy Japanese population who were not receiving medication for hyperuricemia or hypertension. We retrospectively analyzed the medical records of 90 143 Japanese people (men, 49.1%; age, 46.3 ± 12.0 years) undergoing an annual medical examination at St Luke's International Hospital Center for Preventive Medicine, Tokyo, between January 2004 and June 2010. Of these individuals, 82 722 (91.8%) who had never taken medications for gout, hyperuricemia or hypertension were enrolled. We compared the participant characteristics and prevalence of diastolic hypertension (X90 mm Hg) and/or systolic hypertension (X140 mm Hg) by serum uric acid quartile. The odds ratio (OR) of hypertension was 1.20 for each 1 mg dl À1 increase in serum uric acid level after adjustment for age, sex, body mass index (BMI), dyslipidemia, diabetes, smoking and estimated glomerular filtration rate (eGFR). Compared with the lowest serum uric acid quartile, participants in the highest quartile had a 3.7-fold higher OR for hypertension. After adjustment for age, BMI, dyslipidemia, diabetes, smoking and eGFR, these ORs were 1.79 (1.62-1.98) in the total study population, 1.58 (1.44-1.75) in men and 1.60 (1.39-1.84) in women. The results were similar for both systolic and diastolic hypertension. Elevated serum uric acid levels may be as important as obesity, dyslipidemia, diabetes, smoking and reduced kidney function for the development of hypertension and should be considered in hypertension prevention programs.
INTRODUCTION
Hyperuricemia is frequently associated with lifestyle-related diseases. 1, 2 Approximately 25-40% of untreated hypertensive patients have concomitant hyperuricemia, 3, 4 and an association between elevated serum uric acid (SUA) and hypertension (HT) has been described in adults in several large epidemiological studies. [5] [6] [7] [8] [9] [10] [11] Hyperuricemia may be an independent risk factor for cardiovascular events as well as for metabolic syndrome, gout and renal failure. Although hyperuricemia is known to be correlated with cardiovascular events in hypertensive patients, 5, 6, 10 it remains unknown whether uric acid is an independent risk factor, a mediator or merely a marker for the development of HT. 12 Experimental data suggest that uric acid may induce endothelial damage, vascular inflammation and renin-angiotensin system activation. 13, 14 Several recent small clinical trials have demonstrated that SUA-lowering agents such as allopurinol and probenecid can reduce blood pressure (BP) in adolescents, 15, 16 suggesting that UA is an independent risk factor for the development of HT. Other reports, including the PIUMA, 5 SHEP, 6 LIFE 7 and Framingham studies, 8, 11 have demonstrated an association between high levels of SUA and cardiovascular diseases in HT patients. However, these observations were made in hypertensive patients who were treated with antihypertensive agents that have an influence on SUA levels. Losartan and long-acting calcium antagonists usually decrease SUA levels and reduce the risk of developing gout. Thiazide diuretics, b-blockers, angiotensin-converting enzyme inhibitors and angiotensin II receptor antagonists often increase SUA levels and may induce a gout attack. 17 Thus far, few reports have explored the relationship between SUA levels and HT in an untreated, healthy general population. Therefore, we conducted an epidemiological study to examine the relationship between SUA levels and HT in generally healthy people who were not receiving medication for gout, hyperuricemia or HT.
METHODS
This study was a large-scale, single-center, cross-sectional study. We retrospectively analyzed the medical records of 90 143 subjects (men, 49.1%; age, 46.3 ± 12.0 years) who underwent an annual medical examination at St Luke's International Hospital Center for Preventive Medicine, Tokyo, Japan, between January 2004 and June 2010. BP readings were obtained using an automatic brachial sphygmomanometer (OMRON Corporation, Kyoto, Japan). Two readings were taken after the participant had been seated and resting quietly for 45 min with the feet on the ground and the back supported. The mean systolic and diastolic BP for each participant were calculated from the recorded measurements. Systolic HT was defined as a systolic BP of X140 mm Hg, and diastolic HT was defined as a diastolic BP of X90 mm Hg. Participants with systolic and/or diastolic HT constituted the HT group.
We divided the study population by quartiles according to the SUA level and calculated the prevalence of diastolic and systolic HT in each quartile. Analysis of variance with Tukey's post hoc method was used to determine significant differences between quartiles. We adjusted our analysis for age, body mass index (BMI), dyslipidemia, diabetes, smoking and estimated glomerular filtration rate (eGFR). Dyslipidemia was defined as a low-density lipoprotein cholesterol level of X140 mg dl À1 , a high-density lipoprotein cholesterol level of o40 mg dl À1 or a triglyceride level of X150 mg dl À1 . Diabetes was defined as an HbA1c concentration of X6.1% (as per the Japanese Diabetes Society). The dyslipidemia and diabetes groups included patients who were followed up and were receiving medication for these diseases.
Statistical analysis
Statistical analyses were performed using SPSS Statistics software (IBM SPSS Statistics version 19 for Windows; IBM, New York, NY, USA). Statistical significance was set at a ¼ 0.05. All the statistical analyses were two sided. Bivariate associations between demographic and clinical characteristics were compared in HT and normal BP groups using t-tests and w 2 analyses. The characteristics of the participants were compared between SUA quartiles in a similar way. Significant differences among the quartiles were evaluated using simple regression of the clinical variable on the SUA quartile; the lowest quartile served as the reference group.
The association of SUA level with HT was evaluated by logistic regression. All regression analyses were adjusted for age, sex, BMI, dyslipidemia, diabetes, smoking and eGFR. Because the distribution of SUA levels differed between men and women, multivariate regression analyses were also stratified by gender. Logistic regression analyses modeled the SUA level in two ways: as a continuous variable in mg dl À1 and by quartiles, with the lowest quartile serving as the reference group.
RESULTS
Of the 90 143 subjects, 82 722 (91.8%) met the criteria for enrollment in this study. Five subjects were excluded because of lack of blood test data, and two were excluded because no BP data were available. Patients receiving medication for gout (7414, 8.2%), hyperuricemia (1884, 2.1%) and/or HT (6199, 6.9%) were also excluded. An additional 7480 participants (9.0%) with HT were not taking any medication for the disease. The regression analyses were performed in the overall group, and there were significant differences between HT and normal BP groups with respect to age, sex, weight, height, BMI, eGFR, SUA and prevalence of smoking, dyslipidemia and diabetes (Po0.001; Table 1 ).
The mean SUA was 5.90 mg dl À1 in the HT group and 5.15 mg dl À1 in the normal BP group (Po0.001) and was significantly higher in men (6.47 mg dl À1 in the HT group, 6.15 mg dl À1 in the normal BP group) than in women (4.87 mg dl À1 in the HT group, 4.32 mg dl À1 in the normal BP group; Figure 1 ).
Odds ratios (ORs) and 95% confidence intervals (CIs) for age (per 1 year increase), sex (women vs. men), BMI (per 1 kg m À2 increase), dyslipidemia (negative vs. positive), diabetes (negative vs. positive), smoking (nonsmoker vs. smoker), eGFR (per 1 ml min À1 per 1.73 m 2 increase) were 1.07 (95% CI: 1.07-1.07), 1.21 (95% CI: 1.13-1.30), 1.21 (95% CI: 1.20-1.22), 1.20 (95% CI: 1.14-1.27), 1.20 (95% CI: 1.08-1.32), 1.27 (95% CI: 1.19-1.33) and 1.01 (95% CI: 1.01-1.01), respectively. After adjustment for age, sex, BMI, dyslipidemia, diabetes, smoking and eGFR, the OR of HT for each 1 mg dl À1 increase in the SUA level was 1.20 (95% CI: 1.18-1.23; Table 2 ). Compared with participants in the lowest SUA quartile, those in the highest quartile had 3.7-fold higher odds of HT (Figure 2 ). We calculated each SUA quartile of each gender to account for gender differences in SUA. In male subjects, participants in the highest SUA quartile had 1.7-fold higher odds of HT than those in the lowest quartile. Women in the highest SUA quartile had 3.4-fold higher odds of HT than those in the lowest quartile (Figure 2 ). After adjustment for age, BMI, dyslipidemia, diabetes, smoking and eGFR, these ORs were 1.79 (95% CI: 1.62-1.98) in the total study population, 1.58 (95% CI: 1.44-1.75) in men and Serum uric acid and hypertension M Kuwabara et al Serum uric acid and hypertension M Kuwabara et al 1.60 (95% CI: 1.39-1.84) in women ( Table 3) . The results were similar for both systolic and diastolic HT ( Table 4 ). The mean BP was significantly higher in men (120.6/75.3 mm Hg) than in women (111.3/68.9 mm Hg). Systolic and diastolic BP were both significantly higher when the SUA level was elevated. These trends were similar when participants were stratified by sex (Table 5) .
DISCUSSION
This epidemiological study was large in scale and involved high-quality data acquisition because of the very low exclusion rate, with deficit data of only seven (0.00%). In the present study, the OR of HT was 1.20 for each 1 mg dl À1 increase in the SUA level after multiple adjustments.
Although several reports have suggested that SUA has an independent relationship with HT, 3, 9, 16, 18 SUA elevation in HT could be a consequence of hyperinsulinemia and reduced renal function, 19 and metabolic syndrome is a potential confounder of the relationship between SUA and HT. Insulin resistance and resultant hyperinsulinemia are thought to play an important role in the pathophysiology of metabolic syndrome. 20 Insulin is known to decrease the renal excretion of uric acid, 21, 22 and hyperinsulinemia is a predisposing factor for the development of HT. 23 Imazu et al. 24 reported that the relationship between SUA and the development of HT is independent of the insulin level; however, we did not measure the serum insulin level in our study. Hyperinsulinemia and components of metabolic syndrome are reported to be associated with the SUA level. When we adjusted for several elements of metabolic syndrome, including BMI, dyslipidemia and diabetes, SUA remained a significant predictor of HT. We also found that higher SUA Serum uric acid and hypertension M Kuwabara et al levels predispose individuals to the development of HT, independent of renal function, as assessed by eGFR. An elevated SUA level is associated with decreased renal perfusion, decreased tubular secretion of uric acid and activation of the renin-angiotensin system. 14, 25, 26 Because some subjects in the present study exhibited renal dysfunction, our results may have been influenced by this impaired renal function. In addition, several studies have indicated that uric acid can induce endothelial damage and vascular inflammation and can activate the renin-angiotensin system. 13, 14 The mechanism by which hyperuricemia causes HT has been investigated in animal models. It has been suggested that uric acid induces acute vasoconstriction via activation of the renin-angiotensin system, followed by uric acid uptake into vascular smooth muscle cells. This process then leads to cellular proliferation and secondary arteriolosclerosis that impairs pressure natriuresis. 26 Soletsky and Feig 16 demonstrated that treatment with either allopurinol or probenecid reduced BP in adolescent subjects, and our results support this observation in adult subjects. Taken together, these data suggest that SUA could be an independent association factor for the development of HT in the healthy general population.
The clinical implications of the elevated SUA levels in hypertensive patients remain to be elucidated. Antihypertensive drugs such as thiazide raise the SUA level. Choi et al. 17 reported that gout is likely to occur with administration of antihypertensive drugs that elevate the SUA level. In the present study, we found that patients with HT often exhibited hyperuricemia as a comorbidity even if they were not taking medication. Thus, it is important to monitor the SUA level in hypertensive patients regardless of whether antihypertensive agents are administered.
The identification of SUA as an independent association factor for the development of HT, irrespective of gender, was our most significant finding. SUA is known to be higher in men compared with women. Sex hormones such as estrogen and progesterone increase renal uric acid excretion by inhibiting the function of the uric acid transporter. 27 Several reports have demonstrated that men have higher odds of an elevated BP with increasing SUA levels as compared with women. 9,28 However, we found that both genders had significantly higher odds of an elevated BP with increasing SUA. These findings indicate that an elevated SUA level is an association factor for the development of HT in both men and women.
There were several limitations in the present study, including the retrospective, cross-sectional study design, the possible selection bias because information was only obtained from individuals who underwent an annual medical examination at a single center and the limited novelty (similar results were reported in a non-Japanese population). Nonetheless, it is noteworthy that this study clarified a close relationship between SUA and HT not only in men but also in women in a general, healthy Japanese population.
We must seriously consider the possible existence of confounding factors. For example, factors such as obesity or a type A personality may cause both HT and hyperuricemia. Logistic regression analysis revealed significant relationships between HT and the following parameters: age (OR: 1.07 per 1-year increase), male gender (OR: 1.21), BMI (OR: 1.21 per 1 kg m À2 increase), dyslipidemia (OR: 1.20), diabetes (OR: 1.20), smoking (OR: 1.27) and eGFR (OR: 1.01 per 1 ml min À1 per 1.73 m 2 increase). Information on personality type, such as type A, was not available. Because we only measured BP at the outpatient clinic, it is possible that some HT patients might have white-coat HT and that some non-HT patients might have home HT. Ambulatory BP monitoring may be the best method for BP evaluation; however, this is difficult in practice in the setting of an annual medical examination.
